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Phosphorelay signalling: New tricks for an ancient pathway
Jason M. Brown and Richard A. Firtel
‘Two-component’ phosphorelay systems, once thought
to be used exclusively by prokaryotes, have in the past
few years been shown to exist in eukaryotes. A two-
component system in Dictyostelium has now been
shown to modulate protein kinase A, a key regulator of
multicellular development in this organism.
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Protein phosphorylation is a universal mechanism used by
cells to transduce signals initiated by extracellular cues or
environmental conditions. In contrast to the cascades of
protein kinases that have been well characterized in
eukaryotic cells, prokaryotic cells widely use the rather
different ‘two-component’ phosphorelay systems. Origi-
nally, these pathways were observed to consist of two
bimodular proteins. The first of these two proteins per-
ceives input stimuli through a non-conserved sensory
domain, leading to the autophosphorylation of an attached
histidine kinase. The enzymatic activity of a second
protein is then modulated by transfer of the phosphate
group to an aspartate residue within a covalently-linked
domain given the general name of ‘response regulator’ [1].
The Escherichia coli EnvZ protein, for example, detects
increases in osmolarity of the surrounding medium, which
induces phosphorylation of a histidine residue near its car-
boxyl terminus. The phosphate is then relayed to an
aspartate in the response regulator domain of the OmpR
protein, thereby altering its DNA-binding properties and
inducing expression of genes required for adaptation to
osmotic shock [1] (Figure 1). 
More complex pathways have been noted in bacteria as
well. In Bacillus subtilis, for example, sporulation is
governed by a phosphorelay system containing four com-
ponents [1,2]. Initial stimulation of any of three sensory
histidine kinases is followed by phosphotransfer from the
primary histidine (H1) to an aspartate residue (D1) on
SpoOF. SpoOF does not act as a response regulator,
however, but instead relays the phosphate to a second his-
tidine (H2), on SpoOB. Finally, transfer of the phosphate
to an aspartate (D2) on SpoOA directly regulates its
DNA-binding activity — the output from the system
(Figure 1). Longer pathways of this kind, in which the
phosphate is alternately transferred between two histidine
and aspartates (H1→D1→H2→D2), allow additional
information to be integrated into the pathway. In this
case, SpoOF-specific phosphatases are known to impede
the flow of phosphates to SpoOB. One can envision that,
in general, both the D1 and H2 modules might serve as
points of either positive or negative regulation. It has also
been observed that the four modules that make up path-
ways such as these can be physically combined in a
variety of ways. In the virulence control pathway of Bacil-
lus pertussis, for example, the H1, D1 and H2 modules are
all contained within the sensory molecule BvgS; only the
D2 module is present on a separate protein, the response
regulator BvgA [1,2].
Although it was long believed that phosphorelay systems
are unique to prokaryotes, recent work has identified two-
component pathways in a number of eukaryotes, including
yeast, fungi, plants and the slime mold Dictyostelium, which
control a diverse range of cellular responses [3,4]. The
best characterized of these is the osmotic response system
in the yeast Saccharomyces cerevisiae, which uses a phospho-
relay system quite similar in architecture to the one that
regulates B. subtilis sporulation [5]. Under normal physio-
logical conditions, the plasma membrane protein Sln1,
which contains both H1 and D1 modules, generates a con-
stitutive flow of phosphates. These are relayed to Ypd1, a
cytoplasmic H2 component, and from there to Ssk1, a D2-
containing response regulator. Interestingly, phosphoryla-
tion does not lead to a direct cellular response, but instead
inhibits the ability of Ssk1 to activate a mitogen-activated
protein (MAP) kinase cascade. Exposure to high osmolar-
ity disrupts the flow of phosphates to Ssk1, leading to the
activation of the MAP kinase HOG1, which ultimately
stimulates the production of glycerol, an adaptation that
allows a yeast cell to survive osmotic stress.
Multicellular development in Dictyostelium, which involves
the aggregation of amoeboid cells into a slug within which
differentiation of distinct cell types occurs, requires the
activity of the heterodimeric cAMP-dependent protein
kinase (PKA). Binding of two cAMP molecules to the
regulatory subunit, PKA-R, leads to its dissociation from
the catalytic subunit, PKAcat, allowing kinase activity.
The phenotypes of pkacat null cells, and of strains
expressing a dominant-negative form of PKA-R from
promoters that are stage and cell-type specific, indicate
that PKAcat activity is required at several key develop-
mental transitions, including aggregation, cell-type differ-
entiation and terminal differentiation, where it
cell-autonomously regulates the differentiation of both
spores and stalk cells (reviewed in [6,7]). 
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Other experiments have shown that proper regulation of
PKAcat activity is essential for integrating morphogene-
sis and cell-type differentiation. Overexpression of
PKAcat or deletion of the PKA-R gene results in rapid
development, characterized by early aggregation, preco-
cious sporulation and abnormal morphogenesis. Further-
more, treatment of migrating slugs or dissociated
prespore cells with the membrane-permeable cAMP
analog Br-cAMP leads to immediate induction of spore
differentiation. Throughout Dictyostelium development,
extracellular ligands acting through G-protein-coupled
receptors stimulate the activity of adenylyl cyclase,
inducing a rise in the cytosolic cAMP level. While
PKAcat shows both temporal and cell-type-specific pat-
terns of expression, given the diverse roles of this
enzyme it was expected that the regulation of cAMP
synthesis and degradation would be central to control-
ling PKA-dependent pathways. Recent work has shown
that a phosphorelay pathway plays an important part in
this process.
The Dictyostelium regA gene encodes a cAMP-specific
phosphodiesterase that was initially identified as a second-
site suppressor mutation of the tagB mutation — tagB null
cells are ordinarily unable to produce spores [8]. RegA also
has a conserved response regulator domain, suggesting
that it is a component of a phosphorelay pathway and reg-
ulated by an upstream histidine kinase. Disruption of regA
in wild-type cells results in a rapid-development pheno-
type similar to that seen in a set of previously identified
non-allelic mutants [9] which appear to be defective in
components that act together in a pathway to regulate Dic-
tyostelium development. The finding that one of these
mutants, rdeC, contains a missense mutation in the gene
for PKA-R, while another, rdeA, has high intracellular
cAMP levels, suggested that this set of genes has a direct
role in the regulation of PKA [9,10].
How RegA is regulated and fits into a two-component
pathway controlling PKA function has been illuminated by
two new papers [11,12] that focus on rapid-development
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The phosphorelay that governs sporulation in Dictyostelium may be
similar to the long H1→D1→H2→D2 pathways that control B. subtilis
sporulation and S. cerevisiae osmoregulation. (*Note that B. subtilis
KinA does not contain a transmembrane domain.) See text for details.
It is not clear whether the constitutive phosphorelay to RegA in
prespore cells suggested by this model is due to signals which actively
maintain the prespore state or the absence of a sporulation signal. See
Figure 2 for a more detailed model of Dictyostelium sporulation.
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mutants. RegA was independently identified by Thomason
et al. [11] in a screen designed to detect mutations that
permit isolated cells to form stalk and spore cells in vitro. In
a key experiment, the authors demonstrated that transfer of
phosphate to RegA in vitro using the donor phosphorami-
date stimulates its cAMP phosphodiesterase activity, in a
manner that is dependent on residue Asp212, the predicted
phosphorylation site. Furthermore, constitutive overexpres-
sion of the RegA response regulator domain phenocopies
the effect of a regA null mutation, most likely because this
truncated protein acts as a sink for phosphate flow. These
data support the conclusion that intracellular cAMP levels
are higher when RegA is not phosphorylated, and argue that
in vivo phosphorylation of RegA leads to reduced intracellu-
lar cAMP levels, and thereby to lowered PKA activity.
Chang et al. [12] isolated the rdeA gene, the site of mutations
responsible for one of the original rapid-development
mutants. Although RdeA shows little similarity to any
known protein, approximately 25 amino acids surrounding
residue His65 appear to be related to part of Ypd1, the H2
component of the yeast osmoregulation pathway. Consis-
tent with this, His65 is required for RdeA function, and
constitutive ypd1 expression is able to complement rdeA
null Dictyostelium cells, a remarkable result considering the
lack of conservation outside the region immediately sur-
rounding the predicted site of histidine phosphorylation.
The similarity between the regA and rdeA null mutant
phenotypes, combined with previous evidence indicating
that cytosolic cAMP is elevated in rdeA mutant cells, sug-
gests that RdeA lies upstream of RegA in a phosphorelay
pathway. The ability of ypd1 to complement rdeA mutant
cells indicates that there is not only architectural, but also
functional conservation between the pathways. 
The pathway components upstream of RdeA and RegA
are unknown. DhkA, a plasma-membrane-anchored histi-
dine kinase that also has a conserved aspartate receiver
domain, has been suggested to play a role in this pathway
[3]. Null mutant dhkA cells have a cell-autonomous defect
in spore differentiation, with cells remaining at the pres-
pore stage that can be rescued by overexpression of
PKAcat or disruption of the regA gene, which presumably
acts via an increase in the intracellular cAMP level. Con-
sidering that RegA phosphodiesterase activity is positively
activated by phosphorylation, however, the sporulation-
defective phenotype of the dhkA mutant strain suggests
that the DhkA protein most likely is not the source of
phosphates relayed to RegA, but rather may lie in a paral-
lel pathway leading to spore differentiation. Other Dic-
tyostelium histidine kinases have been identified, but null
mutations of these also do not have the genetic properties
expected of an upstream regulator of RegA (see [13]).
It is also possible that RegA is activated by other cellular
components or inhibited by other pathways, for example
those that stimulate adenylyl cyclase activation. In a
manner analogous to the yeast osmotic response pathway,
there may be prolonged signals that create a continuous
flow of phosphates onto RegA, maintaining intracellular
cAMP levels in the multicellular slug below the threshold
required for terminal spore differentiation. Sporulation
could then be induced by signals that shift RegA toward
the unphosphorylated state, either by inhibiting the phos-
phorelay to RegA or by increasing the activity of a RegA
phosphatase. Other work has implicated TagB and TagC,
putative ATP transporters with coupled proteases, as well
as the small peptides SDF-1 and SDF-2, in these
processes [14] (Figure 2).
In conclusion, Dictyostelium development is in large part
driven by controlled variations in PKA activity. RegA
provides a second point, in addition to adenylyl cyclase, for
the integration of signals which may serve continuously to
Figure 2
A model for the regulation of Dictyostelium sporulation by a
phosphorelay pathway. The detection of a sporulation signal interrupts
a continuous phosphodiesterase-activating phosphorelay to RegA,
allowing cAMP to accumulate to levels that activate PKA. SDF-1 and
SDF-2, small peptides that can induce sporulation in vitro, are
candidate sporulation signals. SDF-2 has been suggested to act via the
histidine kinase, DhkA, and may negatively regulate RegA or directly or
indirectly regulate PKA function another way. Binding of SDF-1 to a
putative sensor histidine kinase is suggested to inhibit the
phosphorelay, preventing RegA phosphorylation and leading to a
decrease in phosphodiesterase activity. SDF-2 may require the ATP
transporter TagC for production (see [14] for details); it is thought to
be produced by prestalk cells, consistent with a role for prestalk cells in
the induction of sporulation. cAMP is produced by a G-protein-coupled
receptor-activated adenylyl cyclase that is activated by extracellular
cAMP, a morphogen essential for Dictyostelium development.
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modulate cAMP levels. The use of two competing
enzymes in this way provides a means by which distinct
extracellular signals may effect rapid and accurate changes
to the intracellular cAMP levels within individual cells.
The phosphorelay system permits the phosphodiesterase
activity of RegA to remain proportional to controlling
factors, allowing a response sensitivity that would be lost
with a classical kinase cascade, because of its signal-ampli-
fication properties. Further analysis should lead to the
identification of other components of this pathway.
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